Abstract. Parallel hybrid electric vehicles (HEV) can be classified according to the location of the electric motor with respect to the transmission unit for the internal combustion engine (ICE): they can be pre-transmission or posttransmission parallel hybrid. A split-axle parallel HEV -in which the ICE and electric motor provide propulsion power to different axles -is a sub-type of the post-transmission hybrid, since addition of torque and power from the two power sources occurs after the vehicle's transmission. The term 'through-the-road' (TTR) hybrid is also used for the split-parallel HEV, since power coupling between the ICE and electric motor is not through some mechanical device but through the vehicle itself, its wheels and the road on which it moves. The present work presents torquespeed relationship of the split-parallel hybrid and analyses simulation results of torque profiles and acceleration performance of pre-transmission and post-transmission hybrid configurations, using three different sizes of electric motor. Different operating regions of the pre-trans and post-trans motors are observed, leading to different speed and torque profiles. Although ICE average efficiency in the post-trans hybrid is slightly lower than in the pre-trans hybrid, the post-trans hybrid vehicle has better fuel economy and acceleration performance than the pre-trans hybrid vehicle.
Introduction
A parallel hybrid electric vehicle typically has the electric motor-generator on board the chassis, as in most production hybrids of today, but in one variant of the parallel hybrid, the electric motor is part of the wheel itself, called a hub motor, or in-wheel motor (IWM). In this configuration (Figure 1 ), the ICE operates on one drive-shaft (e.g., front) while the in-wheel motors are fitted into the other pair of wheels (e.g., rear), resulting in a split-axle parallel architecture [1, 2] .
There is no specific device coupling the two propulsion sources; instead, the power sources are coupled through the road, giving rise to the term TTR hybrid. This configuration enables an existing ICE-driven vehicle to be converted into a hybrid electric vehicle with minimal modification -by replacing the otherwise nondriven wheels with in-wheel motors (IWM) and powering them with a battery bank located in the vehicle's trunk. Along with motor controllers and an energy management system controller (EMS) that intelligently manages the vehicle's energy and power flow, they form a TTR-IWM hybrid vehicle system. Figure 2 shows three different configurations of the parallel hybrid drive-train: a TTR-IWM split-axle parallel hybrid, a single-axle post-transmission parallel hybrid, and a single-axle pre-transmission parallel hybrid. 
Torque-Speed Relationship of SplitAxle Parallel Hybrid
A parallel hybrid vehicle is essentially a torque-coupled system consisting of a mechanically-coupled drive-train. An ordinary parallel hybrid has some form of coupling device such as a pulley, gear or chain assembly, which adds together mechanical powers from the two sources. Figure 3 shows a parallel hybrid drive-train represented by a 3-port, 2-degree-of-freedom mechanical system. Port 1 is a unidirectional input (connected to the ICE), while port 2 (connected to the motor) and port 3 (connected to the wheels) are bidirectional input or output of the system (at least one must be an output at any time) [3, 4] .
Ports 1 and 2 can either be connected directly to the power sources or through a mechanical transmission. Ignoring losses, power input to the torque coupler is equal to its power output, as expressed below, Eq. (1), where τ and ω represent torque and speed respectively of the coupling device and individual sources: (1)
Torque output of the mechanical coupler τ 3 can be expressed as:
where k 1 and k 2 are structural parameters of the coupling system, described for example by gear ratios, and are thus fixed parameters of the system. The contributing torques τ 1 and τ 2 are independent of each other and thus, can be individually controlled. However, due to power conservation, Eq. (1) leads to the constraint that speed of the power sources are linked together and governed by the relationship:
Thus, the sources' speeds cannot be individually controlled. Coupling of the sources can consist of either single-shaft or double-shaft configuration. The former has the motor and engine connected in-line on the same shaft, while the latter has two separate shafts connected via the gear or chain assembly.
The split-axle, TTR parallel hybrid is a torquecoupled configuration -torque from the ICE and electric motor are added up through the vehicle chassis, wheels and road, without a coupling device. It is topologically similar to the dual-shaft parallel configuration, since the motor and ICE operate on separate drive axles. The torques can be individually controlled but their speeds are governed by Eq. (3).
In the case of a retrofit-conversion TTR-IWM vehicle, the ICE is connected to a multi-gear transmission (existing) while there is no transmission for the motor since it is in the wheel hub (similar to a directly-coupled on-board motor). Hence, with port 3 connected to the front wheels and port 1 connected to the ICE, k 1 is determined by the gear position of the ICE's transmission. Port 2 is connected to the motor with k 2 = 1 (direct-coupled, in-wheel motor). Thus, Eq. (2) and Eq. (3) become: 
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The in-wheel motor speed ω 2 is thus equal to the speed of the ICE-driven front wheels, ω 3 . This is similar to a double-shaft, device-coupled parallel drive-train with the motor shaft coupled directly to the front-wheel axle (post-transmission coupling) with k = 1. Figure 4 and Figure 5 show simulated torque profiles of pretransmission and post-transmission hybrid drive-trains (see discussion below). Torque profiles of a TTR-IWM hybrid are similar to a single-axle post-transmission parallel hybrid.
Comparisons of Torque Profile and Acceleration Performance
To investigate difference in torque and acceleration between TTR-IWM (or split-parallel) hybrid and pretransmission hybrid vehicle, simulation tests of acceleration are carried out using ADVISOR, a software based on Matlab-Simulink and commonly used for advanced vehicular powertrain studies. A constant vehicle speed request of 300 km/h is given as simulation input, resulting in each drivetrain attempting to provide maximum possible torque. The simulation tests are carried out on a small vehicle, mounted with electric motors of three different sizes (16-kW, 32-kW and 75-kW continuous power). Vehicle and motor specifications are given in Table 1 and Table 2 respectively. 
Torque Comparison
Figures 4 and 5 show that motor torque profile in splitparallel hybrid is continuous (except for drops during gear change); but the torque profile in pre-transmission hybrid shows torque increase after every gear change (most obvious in the PM16 and PM32 motors). The reason for this difference is the effect and location of the ICE's transmission gearbox: in the pre-transmission hybrid, with every upshift of the gear, there is torque increase from any source connected to its input, including the electric motor's torque [5, 6] .
In the split-parallel and post-transmission hybrid however, since the motor's torque is added after the gearbox, the torque is not multiplied by the gearbox, resulting in the smooth torque profiles. From Figures 4 and 5, it can also be seen that in both drivetrains, the PM16 (16-kW permanent-magnet) motor has the highest torque profiles, followed by PM32 and AC75 motors. Power delivered by the motor is the product of torque and speed. As can be seen from Figures 6 and 7, which show operation maps of the PM16 and PM32 motors, the operating points do not fall in the same speed region. Figure 8 (b), the torque difference is not as staggering as it seems in the charts of torque vs. time in Figure 5 . The different speed regions between PM16 and PM 32 motors can also be clearly seen in Figure 8 (b).
Figures 9, 10 and 11 show that motor torque profiles in the split-parallel hybrids are higher than those in the pre-transmission hybrids, for all motors: PM16, PM32 and AC75. This is related to the motors' operating speeds. As shown in Figure 12 and Figure 13 , the pretransmission motors operate almost instantaneously to a certain speed -about 350 rpm for PM16 and 1800 rpm for PM32 -while the post-transmission motors operate from zero speed.
In the first 18 seconds, the post-transmission motor produces higher torque at low speeds, while the pretransmission motor delivers lower torque due to its lower initial speeds. After about 18 seconds, each motor then operates in the same torque and speed region. Figure 14 shows that with each motor, acceleration performance improves from the conventional vehicle, and is always better (faster) than the pre-transmission hybrid, with the AC75 hybrid showing the biggest difference and the PM16 hybrid having the fastest response. The same patterns are observed in fuel consumption (Fig. 15) .
Acceleration Performance
However, for emissions (Fig. 16) , all TTR-IWM hybrids show increased levels from the pre-transmission hybrids, for all emission types (biggest difference in AC75 hybrid). Figures 17 and 18 show power flow and energy usage of each sub-system within the hybrid powertrain, for both pre-transmission and post-transmission hybrids. From Table 3 , it is seen that total energy delivered by the motor in a pre-transmission hybrid vehicle is higher than that in a split-parallel hybrid, for all motor sizes. Similarly, total engine output is always higher in the pre-transmission hybrid, for any motor, resulting in overall more fuel consumption in the pre-transmission hybrid, compared to the split-parallel. This is due to the higher motor torque and power in the post-transmission hybrid, which results in the vehicle reaching the final desired speed faster than the pretransmission hybrid. Thus, the split-parallel hybrid has better fuel economy across all motor sizes, with the highest fuel savings of 25.2 % in the PM16 TTR hybrid. Figure 19 shows graphs of fuel consumption versus the combustion engine's output energy, showing straightline relationship as expected, for both drivetrains. However, it can be seen that the graph of pre-transmission hybrid lies below the graph of post-transmission (splitaxle) hybrid, which means that for every operating point of the ICE, the post-transmission hybrid consumes slightly more fuel, or is less efficient, than the pretransmission hybrid. This is corroborated by the ICE average efficiency values in Table 3 , which shows post-transmission hybrids having slightly lower ICE efficiencies. Although engine efficiency of the post-transmission hybrid is slightly lower (less than 2.2 percentage points), overall it still consumes less fuel to reach the final target speed in the acceleration simulation, compared to the pre-transmission hybrid, for all motor sizes. 
Conclusions
A split-axle parallel hybrid configuration enables conventional vehicles to be converted into a hybrid electric vehicle with minimal physical modification, to be a through-the-road, post-transmission hybrid vehicle with in-wheel motors (TTR-IWM). This paper describes torque-speed relationship for the TTR-IWM hybrid, comparing it to the pre-transmission, parallel hybrid with on-board motor. Simulation results of acceleration test are provided, comparing torque profiles and acceleration performance of the pre-transmission and posttransmission drivetrains, for three different electric motor sizes.
Results show different operating regions of the pretrans and post-trans motors, leading to different speed and torque profiles. It is found that, although ICE average efficiency in the post-transmission hybrid is slightly lower than in the pre-transmission hybrid, the post-transmission hybrid vehicle has better overall fuel economy and acceleration performance than the pre-transmission hybrid vehicle.
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